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Abstract 
To increase the efficiency of nitrogen fertilizers, stabilized fertilizers have been developed 
by the fertilizer industry. These stabilized fertilizers can slow down the nitrification of 
ammonium using nitrification inhibitors (NI). Dicyandiamide (DCD) is a commonly used NI 
used in agriculture today, but its lifetime in soil exponentially declines with increasing 
temperature. Controlled-release of DCD can protect the molecule from bacterial degradation 
and prolong the duration of inhibition. This can be achieved by encapsulating it in a 
biodegradable polymer matrix. Biopolymer matrices include poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) and polycaprolactone (PCL). 
In this research, DCD-PHBV pellets with DCD crystal sizes of 0-106 μm, 106-250 
μm, >250 μm at DCD loadings of 20% (w/w), 40%, and 60% were produced by extrusion 
processing. In addition, an 80% loading with 0-106 μm DCD was fabricated. Further, 0-106 μm 
DCD was extruded at 40% loading with PHBV, PCL and 3:1, 1:1 and 1:3 PHBV/PCL blends. 
The release kinetics of DCD from these materials was monitored in water over eight weeks. 
Firstly, the effect of loading and DCD crystal size was investigated at 23℃. Following this, the 
effect of blends of PHBV and PCL were studied at 10℃, 23℃ and 40℃. The pellets were 
characterized using micro-computed tomography (µ-CT), Raman spectroscopy mapping and 
differential scanning calorimetry (DSC). 
The water release experiments confirm that the release profiles of DCD can be tailored by 
controlling the DCD loading, DCD crystal grind size, and the compositions of PHBV/PCL 
blends for specific applications and climatic conditions. Increasing loading increased the 
amount and rate of DCD release of DCD-PHBV pellets. This is due to a higher degree of 
connected channels to the outside, confirmed by the µ-CT results. For DCD-PHBV/PCL pellets, 
it is likely molten PCL filled the in voids/cracks forming in the PHBV matrix during production, 
which resulted in a diffusion controlled release mechanism. This is supported by Raman 
mapping and DSC results. The release profiles of DCD from DCD-PHBV pellets were 
modelled using a power law for the initial surface wash (0-5 h), modified first order model for 
 II 
 
release via connected pathways (5 h-21 d) and a linear regression for the slow diffusion 
controlled release (21 d-56 d), based on which we predicted the release profile of DCD-PHBV 
pellets with other loadings. 
Our research indicated that DCD-loaded PHBV/PCL pellets is a practicable delivery 
system for the controlled release of DCD. 
 
Keywords: Nitrification inhibitors; Controlled release; Dicyandiamide; Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate); Polycaprolactone; Crystal size; Loading; Temperature 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 III 
 
Content 
Abstract................................................................................................................... I 
Content ................................................................................................................. III 
Chapter 1 Introduction .......................................................................................... 1 
1.1 Research background ................................................................................................ 1 
1.1.1 Importance of nitrogen to plants and main nitrogen pool ................................. 1 
1.1.2 Transformation of N fertilizer in the soil .......................................................... 1 
1.1.3 Benefits of nitrogen fertilizer application ......................................................... 1 
1.1.4 Nitrogen loss pathways and impact on the environment ................................... 2 
1.1.5 Nitrogen loss situation in China and south China region .................................. 3 
1.1.6 Practices that minimize nitrogen loss ................................................................ 3 
1.1.7 Characteristics of some commonly used nitrification inhibitors ....................... 5 
1.2 Research status of DCD and DCD-polymer formulations ........................................... 7 
1.3 The objective of present work .................................................................................... 10 
1.4 Thesis structure........................................................................................................... 10 
Chapter 2 Methods ............................................................................................... 12 
2.1 Materials ..................................................................................................................... 12 
2.2 Preparation of DCD crystals ...................................................................................... 12 
2.3 Extrusion of DCD-PHBV, DCD-PHBV/PCL and DCD-PCL pellets ........................ 12 
2.4 Characterization of DCD-PHBV, DCD-PHBV/PCL and DCD-PCL pellets ............. 15 
2.4.1 Micro-computed tomography (µ-CT) ............................................................. 15 
2.4.2 Raman spectroscopy ........................................................................................ 15 
2.4.3 Differential scanning calorimetry (DSC) ........................................................ 16 
2.5 Release of DCD into water ......................................................................................... 17 
2.6 Modelling DCD release .............................................................................................. 18 
Chapter 3 Results .................................................................................................. 20 
3.1 Pellets characterization ............................................................................................... 20 
 IV 
 
3.1.1 Micro-computed tomography (µ-CT) ............................................................. 20 
3.1.2 Raman spectroscopy ........................................................................................ 25 
3.1.3 Differential scanning calorimetry (DSC) ........................................................ 26 
3.2 Release of DCD from DCD-PHBV, DCD-PHBV/PCL and DCD-PCL pellets ......... 30 
3.2.1 Effect of DCD loading and DCD crystal size on DCD release kinetic ........... 32 
3.2.2 Effect of PHBV/PCL blending composition and temperature on DCD release 
kinetic ....................................................................................................................... 34 
3.3 Mathematical modelling of DCD release profiles from DCD-PHBV pellets ............ 38 
Chapter 4 Discussion ............................................................................................ 41 
4.1 DCD release kinetic ................................................................................................... 41 
4.1.1 Effect of DCD loading on DCD release kinetic ...................................................... 41 
4.1.2 Effect of DCD crystal size on DCD release kinetic ................................................ 42 
4.1.3 Effect of PHBV and PCL blending on DCD release kinetic ................................... 42 
4.1.4 Effect of temperature on DCD release kinetic ........................................................ 44 
4.1.5 Other factors that influenced DCD release kinetic in this experiment .................... 45 
Chapter 5 Conclusion ........................................................................................... 46 
Acknowledgement ................................................................................................ 48 
Appendix .............................................................................................................. 50 
References ............................................................................................................ 55 
Chapter 1 Introduction 
1 
 
Chapter 1 Introduction 
1.1 Research background 
1.1.1 Importance of nitrogen to plants and main nitrogen pool  
Nitrogen (N) is an abundant element in biosphere[1]. For plants, their biochemical 
building blocks, including amino acids, proteins, nucleic acids, chlorophyll and enzymes, are 
composed of nitrogen[2]. In the atmosphere, nitrogen is predominantly present as dinitrogen 
(N2). N2 makes up for 78% of the atmosphere, but plants cannot utilize this form of N 
directly[3]. For the nitrogen pool in soil, the major forms are nitrate (NO3-), nitrite (NO2-), 
ammonium (NH4+), ammonia (NH3) and organic N[4]. Two main nitrogen sources for plants 
are nitrate (NO3-) and ammonium (NH4+), and their availability in the soil influences plant 
yield[5]. 
1.1.2 Transformation of N fertilizer in the soil  
At present, industrial nitrogen fixation is widely used to produce various nitrogen 
fertilizers based on NH 4+-N and urea-N. When these synthetic nitrogen fertilizers are applied 
to farmland, a series of transformation and migration processes occur[6]. Urea is initially 
hydrolysed to ammonium, which is subsequently oxidized to nitrite by Nitrosomonas spp. 
Nitrite is rapidly oxidized to nitrate catalyzed by Nitrobacter and Nitrosolobus spp[6]. Further,  
nitrate can be denitrified to N2 and nitrous oxide (N2O), particularly in saturated and high 
temperature soils[6]. 
1.1.3 Benefits of nitrogen fertilizer application 
The utilization of N fertilizer can promote crop output and quality, producing economic 
and environmental profits. Tang et al. (2017) showed N fertilization is critical to sustain high 
yields, with N fertilized pakchoi and lettuce yielding 40-214% and 17-97% more than the 
control, respectively. Also, with regard to quality of crops, accumulation of nitrate in pakchoi 
can be reduced remarkably by applying combined inorganic and organic nitrogen fertilizer. 
Through applying nitrogen fertilizer, the economic profits of pakchoi roughly double, and that 
The University of Queensland 
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of lettuce rose by 22%-87%[7]. 
Most importantly, by promoting crop yield, the application of N fertilizers helps to meet 
the increasing global food demand. As the world's most populous country and low arable land 
per person, China has tried increased the productivity of cultivated land to feed its large 
population through nitrogen fertilization in the past fifty years[8,9]. The overall annual 
production of crops increased by 71% from 2.83 million tons in 1977 to 4.84 million tons in 
2005[10]. In the same period, the amount of synthetic N fertilizer raised from 7 million tons to 
26 million tons per year[10]. Worldwide, from 1908 to 2008, the global average number of 
people supported by per hectare of cultivated land rose from 1.9 to 4.3, largely due to N 
fertilization[11]. Around 27% of the global population was sustained by nitrogen fertilization in 
the 19th century, and the estimation for 2008 is around half of the global population[11]. 
1.1.4 Nitrogen loss pathways and impact on the environment 
In addition to the increasing use of nitrogen fertilizers, especially the overloading of 
nitrogen fertilizers that began in the 1990s, bad N management practices of many farming 
systems have led to an increase in nitrogen lost to the atmosphere and aquatic systems. Losses 
result in severe nitrogen enrichment in these systems, which has a cascade of environmental 
problems and has also impacted human health[8]. 
There are three major loss pathways for N fertilizer. The first one is the leaching of 
nitrate[12]. Plants typically absorb nitrate and/or ammonium ions from soil through their 
roots[6]. The positively charged ammonium can be adsorbed to soil particles, so ammonium is 
less vulnerable to leaching. However, the negatively charged nitrate is highly mobile and is 
likely to leach down into the water table[6]. Under the influence of rainfall or irrigation, nitrate 
is readily carried to waterways, such as rivers, lakes and coastal waters. Further, the nitrate 
can be leached into deeper soil layers and enter ground water systems. These high nitrate level 
can cause eutrophication and the deterioration of water quality[13]. The second major loss 
pathway is through denitrification of nitrate[12]. Through this process, nitrate is microbially 
reduced, producing methane (CH4) and nitrous oxide (N2O), both of which are potential 
greenhouse gases[14]. It is reported by Borchard et al. (2019) that approximately 60% of 
Chapter 1 Introduction 
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anthropogenic nitrous oxide discharge is due to rural activities, especially the nitrogen 
fertilization[14]. The final pathway is the volatilization of ammonia. When applying urea or 
ammonium-based fertilizers to the surface of alkaline soil, these fertilizers can convert to 
ammonia gas which evaporates rapidly[12]. 
1.1.5 Nitrogen loss situation in China and south China region 
Some studies have found that in many intensive agricultural areas in China, the increase 
in usage of fertilizer far exceeds the nitrogen up-taken by crops[8,10]. This is partially owing to 
the dependence of farmers on experience-based methods, the lack of guidance for proper and 
effective ways to use nitrogen fertilizer by scientific consultants, and limited choice of 
technologies that are viable to ensure uniform and timely fertilization of crop[8]. The study of 
Wang et al. (2019) revealed that in China, the overall nitrogen loss from fields that grow 
vegetables was 16.5 kg N ha-1, accounting for 13.1% of total amount of N fertilization[15]. 
At the regional scale, provinces that have large agricultural areas possess the biggest 
total nutrient load. The amount of nitrogen fertilizer application for single-season rice 
cultivation in the mountainous region of South China was 315 kg N ha-1, which was almost 
twice that of the South China plain and in the Northeast China plain. The single-season rice 
cultivation in the mountainous region of South China also produced the highest nitrogen loss 
due to runoff, and it was 1.6 to 230 times that of other regions. As for South China plain, 
although it had the lowest application rate of nitrogen fertilizer compared to other cropping 
regions in China, its nitrogen net loss was 2.10 kg ha-1, ranking the third place in five selected 
regions (Northeast China plain, Northwest China plain, Huang-huai-hai plain, South China 
mountainous region, South China Plain)[16].  
1.1.6 Practices that minimize nitrogen loss 
To reduce nitrogen losses, the nitrogen fertilizers use efficiency must improve. This can 
be achieved by appropriate agriculture management practices: 
(1) Ameliorate soil structure (better soil ventilation, storage capacity for soluble nutrients and 
water), maintain soil pH (e.g. by applying lime), and the content of humus in soil to improve 
The University of Queensland 
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plant root growth[6]. 
(2) Following the “4Rs” of nutrient applying stewardship – Right fertiliser source, at the Right 
rate, at the Right time and in the Right place, which includes selecting the most appropriate and 
balanced phytonutrient/mineral fertilizers and the most suitable applying technique (e.g, 
fertilize to the root zone, separated fertilizing, or so-called "spoon feeding"). This ensures that 
the amount and type of nutrients are applied corresponding to crop requirements and the 
conditions for growth[6]. 
The 4Rs are not isolated, but interrelated. For example, the amount of fertilizer applied is 
not only determined by the target yield, but also by the fertilization method, period and type 
of fertilizer. If any of the latter three are unreasonable, the uptake by crops will be less, 
resulting in a large amount of nitrogen loss after fertilization. In order to obtain higher target 
yield, farmers often increase the amount of nitrogen applied to ensure the crops are not 
nitrogen limited. If the latter three tend to be reasonable, then the most part of applied 
nitrogen can be absorbed and utilized by the crop, and there is no need to add additional 
nitrogen fertilizer to “satisfy the loss”[17]. 
The fertilizer industry has been developing special types of fertilizers that can decrease 
the loss of N. The special fertilizers are as follow: 
(1) Foliar fertilizers[6];    
(2) Slow- and controlled-release (coated/encapsulated) fertilizers that release nutrients for 
several months[6]; 
(3) Stabilized fertilizers, which contain nitrification or urease inhibitors. These can slow down 
the nitrification of ammonia or retard the ammonification of urea[6]. 
As any nutrient immobilizing in soil or leaching from soil could be reduced by using 
foliar sprays, they can improve the use efficiency of nutrient significantly. However, high 
concentration of nutrients can lead to leaf scorch problems, which limits the amount of foliar  
N spray applied during each fertilization. Therefore, it is uneconomical to apply all the 
essential nutrients through leaves of plants in practice[6]. 
The application of so-called “intelligent mineral fertilizers”, including nitrogen-based 
Chapter 1 Introduction 
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fertilizers, is another feasible way to increase efficiency of nutrient use. Through slow- and 
controlled-release, or “stabilization”, these fertilizers can retain nutrients until the plants 
require them[6]. 
Slow- or controlled-release fertilizers are fertilizers that can control the availability of 
phytonutrients for plants, resulting in a longer residence time in the soil over readily soluble 
fertilizers. The goal for these products in to match the release of the fertilizer with the nutrient 
requirements of crops throughout the growing season[6].    
Stabilized nitrogen fertilizers are fertilizers that are mixed with either nitrification or 
urease inhibitor. Nitrification inhibitors are substances that can inhibit the oxidation of 
ammonium, the first step of the nitrification process. This increases the duration that the 
nitrogen component of the fertilizer remains in the form of urea or ammonium in the soil[6,18].  
1.1.7 Characteristics of some commonly used nitrification inhibitors 
Nitrification inhibitors have been studied for many years. A large number of chemicals 
have been identified to have nitrification inhibition properties[6]. Some nitrification inhibitors 
that are currently used in agriculture are listed in Table 1-1.  
Table 1-1 Examples of patented nitrification inhibitors[6] 
Chemical name Common name Developer Inhibition by day 14 
(%) 
2-chloro-6-
(trichloromethyl-
pyridine) 
Nitrapyrin Dow Chemical 82 
Dicyandiamide DCD Showa Denko 53 
1-mercapto-1,2,4-
triazole 
MT Nippon 32 
2-amino-4-chloro-6-
methyl-pyramidine 
AM Mitsui Toatsu 31 
 
DCD is a non-volatile, white or colorless crystal. It can stabilize the ammonium-N in 
slurry/urine excrement or in the fertilizer for 4-10 weeks depending on the amount of N 
The University of Queensland 
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added, soil moisture and temperature. It can be added to any ammonium-containing liquid, 
solid, or suspension fertilizer. Furthermore, DCD is ultimately degraded in soil and converted 
to ammonia and carbon dioxide (CO2)[6]. DCD has been shown to only inhibit ammonia 
oxidizing bacteria, and does not adversely influence other microbial communities, such as 
methane oxidizing bacteria and agrobacterium in soil, even for long term use[18]. 
DMPP is another common nitrification inhibitor, which has no toxic or ecotoxic side 
effects on humans or plants. It can be used with several fertilizer formulations (solid, liquid or 
slurry). The amount of DMPP applied ranges from 0.5 to 1.5 kg/ha. These low quantities are 
sufficient to inhibit nitrification effectively. After being applied to soil, DMPP does not leach 
and can decrease nitrogen loss[6,19]. Four characteristics that are specific to DMPP are: 
(1) Its application rate is significantly lower than other nitrification inhibitors[6]. 
(2) It has a relatively low mobility in soil to that of ammonium salts[6]. 
(3) DMPP is comparatively stable and effective at higher temperatures, where the conversion 
of ammonium to nitrate is faster[6]. 
(4) It shows remarkable ability to decrease of nitrous oxide emissions, with no adverse influence 
on oxidation of methane in soil environment[6].   
Nitrapyrin is classified as a group of organic chlorine compounds. Compared with DCD 
and DMPP, it has certain bactericidal effects. This means it not only inhibits the activity of 
Nitrosomonas bacteria, but can also kill bacteria. Through chemical and biological processes, 
nitropyridine is degraded to 6-chloropicolinic acid in soils and plants. This major residue is 
further degraded to N2, Cl2, CO2 and H2O. The timespan of degradation is a month normally, 
but if the temperature of the environment is lower, it can take a longer time. Nitrapyrin can be 
added to any ammonium fertilizer, but due to its high vapor pressure, it is difficult to 
incorporate nitropyridine technology into conventional nitrogen fertilizers[6]. 
AM is a substance soluble in water and in anhydrous ammonia, with a high vapor 
pressure. However, there are few field tests on the effectiveness of AM as nitrification 
inhibitor[6]. 
For MT, it is usually combined with other nitrification inhibitors like 3-MP or DCD in 
Chapter 1 Introduction 
7 
 
practical use. The application of triazole can decrease the amount of DCD used and hazardous 
by-effects of 3-MP. When combined with DCD, the plants’ tolerability to triazole can be 
improved. Therefore, the most important advantage of triazole is its outstanding synergism 
when used with other inhibitors together[6]. 
1.2 Research status of DCD and DCD-polymer formulations 
DCD offers some advantages over other nitrification inhibitors. DCD is a low cost, 
highly water soluble inhibitor with low vapour pressure. It can be mixed with liquid and solid 
fertilizers and importantly, it degrades in soil completely and is ultimately converted to 
ammonia and carbon dioxide[20]. 
The use of DCD in grazed pasture and cropping systems is a scientific and practical 
technique to effectively improve plant N uptake, and reduce nitrate leaching and nitrous oxide 
emissions. Di et al. (2002) found that for urine added to a paddock in fall, DCD reduced the 
leaching of nitrate by 76%. In spring, DCD decreased the leaching of nitrate by 42%. This 
would decrease nitrate leaching in a grazed dairy pasture from 118 to 46 kg N ha-1 yr-1, and 
concentration of nitrate in leaching water from 19.7 to 7.7 mg N L-1. The nitrous oxide 
emissions were reduced by 82% over a year with DCD application[20]. Di et al. (2004) showed 
that under spray irrigation, the treatment of deep sandy Templeton soil with DCD not only 
reduced nitrate leaching to 74%-76% for urine-N applied in grazed dairy pasture, but also 
increased N use efficiency and production from the paddock, resulting in economic profits[21]. 
Liu et al. (2013) reported that the cumulative annual nitrous oxide emissions of urea treated 
with DCD and DMPP were reduced by 35% and 38%, respectively[22]. Yang et al. (2016) used 
meta-analysis to compare the effectiveness of DCD and DMPP in field trials. Their results 
indicated DCD and DMPP were equally effective at reducing dissolved inorganic nitrogen 
(DIN) leaching and nitrous oxide emissions over a range of soil inorganic nitrogen levels. The 
use of DCD resulted in an additional income of $109.49 ha-1 year - 1 for corn farms, equivalent 
to an increase of 6% in grain income. In contrast, DMPP application generated less monetary 
return, with additional income of $15.67 ha-1 yr-1[23]. Liu et al. (2016) showed that for a flood 
The University of Queensland 
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irrigated rice field, the application of DCD led to a reduction in nitrous oxide and methane 
emissions of 25%-38% and 7-8%, respectively. This corresponds to a remarkable 18-30% 
decrease in global warming potential[24]. 
However, despite its efficacy, bio-degradation of DCD limits its lifetime in soil[25]. The 
lifetime of DCD in soil further decreases at higher temperatures[26], restricting its use in 
subtropical and tropical regions. 
One approach to extend the lifetime of DCD applied is using slow/controlled-release 
formulations (CRF). In CRFs the active compounds are encapsulated in a slow release matrix 
prior to soil application[27]. Polymers are widely used slow-release compounds, with a broad 
range of functional groups and physical properties making polymers fit for different 
requirements and applications[28]. Several kinds of polymers have been tested for the 
encapsulation of DCD. Minet et al. (2013) investigated chitosan hydrogels as matrices for the 
slow-release of DCD to extend its persistence in soil. They found that under different 
simulated rainfall and water holding capacities of soil, lightly washed glyoxal-crosslinked 
chitosan beads (C beads) encapsulating DCD released 74%-98% DCD over 7 days. For 
glyoxal-crosslinked chitosan beads that were allowed to dry (CG beads), the release of DCD 
was slower with 33% release after 7 days under high rainfall simulated conditions[29]. Minet et 
al. (2016) compared the dynamic concentration of DCD over 41 days in the cattle manure 
slurry that was pre-treated with DCD directly and with DCD-chitosan xerogel beads. They 
showed that the DCD-chitosan xerogel formulation controlled the release of DCD into the 
manure, showing potential to extend the lifetime of DCD[30]. Bishop (2010) tested the 
effectiveness of polyurethane coated DCD in two soil samples (Manawatu fine sandy silt and 
Dannevirke silt loam). Results showed that compared to uncoated DCD, the controlled release 
formulation can extend the effective duration of DCD by 120 days at 20°C[31]. 
Many polymers commonly used for encapsulation have intrinsic challenges. These 
include poor water resistance, which may result in rapid degradation (e.g. starch) or burst 
release (e.g. sodium alginate), difficult fabrication (e.g. lignin), or a polluting production 
process (e.g. chitosan and ethylene cellulose)[32]. Furthermore, environmental issues may 
Chapter 1 Introduction 
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occur since non-degradable polymer persist in soil[6,33]. Consequently, scientists have focused 
on the research of fully degradable materials in recent years. 
Polyhydroxyalkanoates (PHAs) are a group of polyesters produced by several 
microorganisms. PHAs can be divided into short-chain PHA (C3 - C5), such as poly(3-
hydroxybutyrate) (PHB), poly(3-hydroxyvalerate) (PHV) and their co-polymer, poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), and medium chain length PHA (MCL-PHA, 
C6-C14), such as poly(3-hydroxyoctanoate) (PHO) and poly(3-hydroxynonanoate) (PHN)[34]. 
PHAs are fully biodegradable, but resist rapid chemical hydrolysis. The extended lifetime of 
PHAs in the environment (several months) promotes their efficacy for long-term release 
matrices[35]. Many studies have considered PHA systems for the controlled delivery of a 
variety of agrochemicals. Volova et al. (2008), Voinova et al. (2009) and Suave et al. (2010) 
have studied the application of PHA in the design of controlled release pesticides[36-38]. 
Environmentally friendly sustained-release PHA-herbicide systems have been investigated by 
Prudnikova et al. (2013), Boyandin et al. (2016) and Zhila et al. (2017)[39-41]. For fungicide, 
Volova et al. (2016) used PHA to construct slow-release formulations of tebuconazole 
(TEB)[42]. Costa et al. (2013), Volova et al. (2016) and Harmaen et al. (2016) have studied 
using PHA as a nitrogen fertilizer carrier[43-45].  
Polycaprolactone (PCL) is another useful polymer because of its mechanical behavior, 
compatibility with a many other polymers and its biodegradability. It is an aliphatic polyester 
composed of repeating hexanoate units. Its physical and mechanical characteristics depend on 
its molecular weight and degree of crystallinity. PCL shows miscibility with a large variety of 
polymeric substances like poly(bisphenol-A), poly(vinyl chloride), poly(acrylonitrile 
butadiene styrene), poly(styrene–acrylonitrile) and polycarbonates. In the natural world, PCL 
is metabolised by a range of microorganism within a few months or a few years, depending on 
the material thickness, molecular weight and crystallinity of PCL and environmental 
factors[46]. It is non-toxic and biocompatible[47], and its use in some products has been 
permitted by the U.S. Food and Drug Administration[48]. PCL has also been researched for 
many control-release agrochemical formulations, such as N fertilizers, insecticides and 
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herbicides. Suharti et al. (2016) formulated slow release urea fertilizers encapsulated in a 
bioblend of polystyrene/polycaprolactone[49]. Pereira et al. (2015) used PCL to make a new 
slow-release nanocomposite nitrogen fertilizer[50]. Boley et al. (2003) studied using PCL as a 
pesticide endosulfan sorbent[51], while Suave et al. (2010) investigated the controlled-release 
of malathion pesticide from a PHB/PCL[38]. Further, PCL nanocapsules loaded with atrazine 
(a herbicide) were studied by Pereira et al. (2014), and Oliveira et al (2015)[52,53]. 
Until now, the fabrication and release kinetics of DCD from DCD-PHBV, DCD-
PHBV/PCL and DCD-PCL formulations have not been studied. Further, there are limited 
studies using industrially relevant extrusion processing of controlled-release agrichemicals. 
This thesis builds on the existing body of knowledge around: slow- and controlled-release 
formulations; the properties of common biodegradable matrices (PHBV and PCL); and 
extrusion fabrication of controlled-release agrichemicals. 
1.3 The objective of present work 
In this study, we firstly aimed to understand the effect of DCD crystal size and DCD 
loading on the release kinetics from DCD-PHBV matrices. Secondly, we wanted to 
understand the effect of blending PHBV with PCL and how these materials behave at different 
temperatures. A further objective was to assess the interaction between the loaded DCD and 
the polymer matrix. This would provide practical knowledge around the mechanism driving 
the release of DCD from PHBV, PHBV/PCL and PCL matrices. This knowledge could 
support the development of new products to help mitigate N losses from cultivated land in 
China and around the world. 
1.4 Thesis structure 
This report is divided into five chapters. The first chapter briefly describes the 
background, status and objective of the research. The second chapter summarises the 
experimental methods and analytical techniques. The third chapter provides the 
characterization, controlled release experiment and modelling results and chapter four 
Chapter 1 Introduction 
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provides a discussion, highlighting the importance of key outcomes. The fifth chapter 
provides conclusions and potential future studies.
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Chapter 2 Methods 
2.1 Materials 
Dicyandiamide (DCD), 99%, and poly(ε-caprolactone) PCL (80 kDa MW) were 
purchased from Sigma Aldrich. The poly(3-hydroxybutyrate-co-3-valerate) (PHBV) with 
~1 mol% HV content (weight-average molecular weight: 590 kDa) was purchased from Tian 
An Biopolymers, China. Chloroform (for analysis) was obtained from Merck Pty Limited. 
2.2 Preparation of DCD crystals 
Initially, DCD was ground with a mortar and pestle and sieved to obtain large and 
medium DCD crystals. The DCD was further pulverized using a SPEX Sample Prep 
Freezer/Mill™ model 6870 in liquid nitrogen. Three DCD crystal size fractions (0-106 μm, 
106-250 μm, >250 μm) were obtained using Retsch AS400 analytical sieve shaker with 
standard 140 and 60 mesh wire sieves. 
2.3 Extrusion of DCD-PHBV, DCD-PHBV/PCL and DCD-PCL pellets 
A 40/1 L/D Eurolab (Thermo-Scientific) co-rotating twin-screw extruders with a 3 mm 
circular die was used to extrude DCD-PHBV, DCD-PHBV/PCL and DCD/PCL pellets. 
Firstly, for each DCD size range, DCD was mixed thoroughly with PHBV powder at 20% 
(w/w), 40% (w/w) and 60% (w/w). Further, 0-106 μm DCD was mixed at 80% (w/w). For the 
PCL blends, 0-106 μm DCD was extruded at 40% loading with PCL and 3:1, 1:1 and 1:3 
PHBV/PCL blends. The DCD-polymer mixtures were then flood-fed into the extruder at a 
rate of about 5 g/min. A Eurolab 16 extruder with a straight screw profile at 50 rpm screw 
speed was used. After extrusion, the strands were left to crystallise at room temperature. 
Lastly, a Labtech LZ-80 Pelletiser was used to cut the strands into roughly 33 mm (dh) 
cylindrical pellets. The mass range of each pellet is 0.0240-0.0300 g.  
PHBV and PCL have different melting points. PHBV melts at 145-180℃[54], and 
Chapter 2 Methods 
13 
degrades at temperature of 180-190℃[54]. PCL melts at 57℃[55], and its degradation first 
appears at 415℃[56]. To ensure the polymers melt but do not degrade, different extruder 
temperature profiles were selected. The structure and temperature profile of the extruder is 
illustrated in Figure 2-1. The DCD size fraction, DCD loading, PHBV and PCL contents for 
the materials fabricated are summarized in Table 2-1. Photographs of the slow-release DCD 
pellets are shown in Figure 2-2.  
 
 
a) b) 
  
c) d) 
Figure 2-1 Structure and temperature profile of extruder：During the treating of DCD with a) PHBV; b) 
PHBV / PCL, 3/1 and 1/1; c) PHBV / PCL, 1/3; d) PCL. (PS: The flow of the mixture is from right to 
left.) 
 
Table 2-1 The DCD size fraction, DCD loading, PHBV and PCL contents for the materials fabricated 
DCD size fraction DCD loading (w/w) PHBV content (w/w) PCL content (w/w) 
0-106 μm 20% 80% 0% 
0-106 μm 40% 60% 0% 
0-106 μm 60% 40% 0% 
0-106 μm 80% 20% 0% 
106-250 μm 20% 80% 0% 
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106-250 μm 40% 60% 0% 
106-250 μm 60% 40% 0% 
>250 μm 20% 80% 0% 
>250 μm 40% 60% 0% 
>250 μm 60% 40% 0% 
0-106 μm 40% 45% 15% 
0-106 μm 40% 30% 30% 
0-106 μm 40% 15% 45% 
0-106 μm 40% 0% 60% 
 
  
a) b) 
  
c) d) 
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e) f) 
Figure 2-2 Photographs of the slow-release DCD pellets： a), b) Formulations of DCD and neat 
PHBV; c), d) Formulation of DCD and PHBV/PCL; e), f) Formulation of DCD and PCL  
2.4 Characterization of DCD-PHBV, DCD-PHBV/PCL and DCD-PCL 
pellets 
2.4.1 Micro-computed tomography (µ-CT) 
The µ-CT images were obtained over 360° with a Skyscan 1272 (Skyscan, Bruker, 
Belgium), using 40-50 kV accelerating voltage and 200-250 mA current. The following 
acquisition parameters were used, varying slightly depending on the X-ray transmittance 
through the sample: voxel size of 5-7 µm, exposure time of 150-225 ms, rotation step of 0.4°, 
no filter, 4´4 binning, and averaging of 3. NRecon Reconstruction Software (using Feldkamp 
algo-rithm) was used for reconstruction and then CtVox and CTan software for 3-D imaging 
and 2-D and 3-D analysis (Skyscan, Bruker, Belgium). 
2.4.2 Raman spectroscopy 
The position of DCD crystals as well as the location of PHBV and PCL inside the fresh 
DCD-PHBV/PCL (1:1) pellet was mapped using Raman spectroscopy. The pellet was sliced-
up using surgical blade to produce an even surface within it and mounted with blue-tack on a 
metal pill. Then the cross section was scanned by a 532 nm excitation line, which was 
acquired using an Alpha 300 Raman/AFM (WITec GmbH, Ulm, Germany) with a 
frequency-doubled continuous-wave Nd:YAG laser. The characteristic Raman spectra of 
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DCD, PHBV and PCL are shown in Figure 2-3. The Raman maps for DCD was produced by 
using vibration mode of C-N bond in DCD at 2154 rel cm-1. The Raman maps for PHBV 
was produced by using vibration mode of –C–CH out-plane bending in PHBV at 846 rel cm-
1. The stretching vibration of C-H bond in PCL at 2920 rel cm−1 was selected to make the 
map for PCL. Here, the signal of DCD, PHBV and PCL did not coincide. Raman signals 
were processed to wipe off cosmic rays. The origin data was Savitzky-Golay smoothed and 
Project FOUR software was used for background subtraction. 
  
a) b) 
 
c) 
Figure 2-3 Raman signature of a) DCD; b) PHBV; c) PCL 
2.4.3 Differential scanning calorimetry (DSC) 
The thermal properties of pure polymers and DCD-polymer compounds were determined 
by using Differential scanning calorimeter Q2000 (TA Instruments) with a constant N2 flow 
rate of 50 mL/min. 4 to 8 mg of sample was put into a closed aluminum pan and analyzed 
using a standard heat-cool-heat cycle.  The samples were heated from 25°C to 185°C at a 
rate of 10°C/min and held at 185°C for 0.3 min. Following this, the sample was cooled from 
185°C to -10°C at the rate of 10°C/min and kept at the same temperature for 5 min. Then the 
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sample was heated to 185°C one again at a rate of 10°C/min. The melting temperature, Tm, 
and fusion enthalpy, ΔHm, were obtained in the first heating cycle. The cooling scan was used 
to determine the melt crystallisation temperature, Tmc. Crystallinity of PHBV and PCL (XPHBV 
and XPCL) were calculated using the fusion enthalpy of fully crystallised PHBV and PCL (146 
J/g[57] and 139.5 J/g[58] for PHBV and PCL, respectively). Equation 2-1 was used to calculate 
the crystallinity of PHBV and PCL. 
 X = ΔHm / ((1-L)  ΔHmf) (2-1) 
Where X is crystallinity. L is the DCD loading (w/w). ΔHm is fusion enthalpy, and ΔHmf is 
fusion enthalpy of fully crystallized polymer. 
2.5 Release of DCD into water 
The research of Ian et al. (2019) revealed that the release of DCD from DCD-PHBV 
pellets in sand and clay soil was driven by water[59]. Therefore, it is useful for us to understand 
the basic release mechanism of DCD in soil by conducting the water release experiment at the 
first step. 
The release kinetics of DCD from DCD-PHBV, DCD-PHBV/PCL and DCD-PCL pellets 
into the water was monitored over eight weeks. First, the effect of DCD crystal size and 
loading were studied at room temperature (23 ± 1°C). Secondly, the effect of PCL blends was 
investigated at 10℃, 23℃ and 40℃ (± 1°C).  
Each trial was performed in triplicate. Five pellets were added to a 70 mL, closed plastic 
container with 50 mL of deionised (DI) water. Three control groups were prepared using five 
pure PHBV pellets. 
Samples (1 mL) were taken after 1 minute, 30 minutes, 1 hour, 2 hours, 5 hours, 10 
hours, 1 day, 2 days, 4 days, 1 week, 2 weeks, 3 weeks, 4 weeks, 6 weeks and 8 weeks.  
Ultraviolet-visible (UV - Vis) spectroscopy was used to quantify the DCD in solution. 
LOD and LOQ of DCD in water can be calculated based on the results of the trial test, which 
is 0.050 mg·L-1 and 0.168 mg·L-1 respectively. DCD concentration correlated linearly with 
UV absorption between 5 and 120 mg·L-1. Samples >100 mg/L were diluted appropriately 
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before UV-Vis analysis. 
UV-Vis spectroscopy procedure: 
(1) Pipette 200 µL aliquots of the samples into a Greiner UV Star 96 well plate. 
(2) Read the plate at 230 nm (peak DCD absorbance[59,60]) using a Biotek Powerwave XS plate 
reader. 
At the end of the release experiment, all pellets were removed from the water and dried 
overnight in a vacuum oven at 45 °C, 85kPa. One set of pellets of the triplicate trials was 
saved for µ-CT characterization. The amount of DCD that remained in the pellets was 
quantified from the other two sets of samples. To extract the remaining DCD, the pellets were 
dissolved in 5 mL chloroform at 75℃ for ~5 hours with intermittent vortexing. When the 
pellets completed dissolved completely, the DCD was extracted by adding 10 mL of DI water 
in each tube. Samples were left to cool for 10 hours before 1 mL of water phase was sampled, 
diluted and DCD quantified using UV-Vis spectroscopy.  
2.6 Modelling DCD release 
Models were fit to release kinetic proﬁles using the GraphPad Prism. Some common 
empirical and semi-empirical models used for controlled release experiments are summarized 
in Table 2-3. 
Table 2-2 Common mathematical models used in controlled release experiment 
Model Equation 
First order[61] F = 100 (1 – e-k t) 
Kopcha model[62] F = A t1/2 + B t 
Zero order[63] F = k t 
Weibull[64] F = 100 [1 – e-(t / TD) b] 
Monolag[65] F = 100 [1 – e-k (t – x)] 
Power law (Korsmeyer-Peppas model)[66] F = k tn 
Higuchi model[67] F = k t1/2 
Notes: F: fraction of release; t: release time; k, α and β: kinetic constants; A: diffusional exponent; B: 
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erosion exponent; TD: time interval; n: diﬀusion exponent. 
Here, the release profiles for the investigation of DCD crystal size and loading were 
divided into three phases of release, each fit with a different mathematical model (details of 
the release process will be described in Chapter 4). The three models are:  
(1) Power law (2-2) for the initial surface wash (t<5 h). 
(2) Modified first order model (2-3) for DCD release via connected pathways (5 h<t<21 d). 
(3) A linear regression (2-4) for the slow diffusion-controlled release (21 d<t<56 d). 
 F1 = A tB For t<5 h (2-2) 
 F2 = F1@ t =5h + C(1 – e-D(t – 0.208)) For 5 h<t<21 d (2-3) 
 F3 = F2@ t = 21d + m (t – 21) For 21 d<t<56 d (2-4) 
Where, F is the fractional release fraction, t is time, and A, B, C, D and m are release 
constants.
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Chapter 3 Results 
3.1 Pellets characterization 
3.1.1 Micro-computed tomography (µ-CT) 
The cross-sections and 3-D analysis results of the DCD-PHBV pellets before release are 
shown in Figure 3-1 and Table 3-1, respectively. Similarly, the cross-sections and 3-D analysis 
results of the DCD-PHBV pellets after release are shown in Figure 3-2 and Table 3-2, 
respectively.  
   
a) b) c) 
   
d) e) f) 
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g) h) i) 
 
j) 
Figure 3-1 2-D cross-sectional µ-CT images pellets before release for 0-106 μm DCD particle size at a) 
20%; d) 40%; g) 60% and j) 80% DCD loadings; 106-250 μm DCD particle size at b) 20%; e) 40% and 
h) 60% DCD loadings; >250 μm DCD particle size at c) 20%; f) 40% and i) 60% DCD loadings 
 
Table 3-1 3-D analysis results of DCD-PHBV pellets before release 
 Total porosity (%) Closed porosity (%) Open porosity (%) 
20% loading, 0-106 μm 
crystal size 
4.8 3.5 1.4 
20% loading, 106-250 
μm crystal size 
5.0 3.9 1.1 
20% loading, >250 μm 
crystal size 
- - - 
40% loading, 0-106 μm 
crystal size 
8.9 7.8 1.2 
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40% loading, 106-250 
μm crystal size 
8.0 5.7 2.4 
40% loading, >250 μm 
crystal size 
1.9 0.9 0.9 
60% loading, 0-106 μm 
crystal size 
5.6 4.8 0.8 
60% loading, 106-250 
μm crystal size 
5.3 4.4 1.0 
60% loading, >250 μm 
crystal size 
1.3 0.9 0.4 
80% loading, 0-106 μm 
crystal size 
7.4 2.3 5.2 
 
   
a) b) c) 
   
d) e) f) 
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g) h) i) 
 
j) 
Figure 3-2 2-D cross-sectional µ-CT images pellets after release for 0-106 μm DCD particle size at a) 
20%; d) 40%; g) 60% and j) 80% DCD loadings; 106-250 μm DCD particle size at b) 20%; e) 40% and 
h) 60% DCD loadings; >250 μm DCD particle size at c) 20%; f) 40% and i) 60% DCD loadings 
 
Table 3-2 3-D analysis results of DCD-PHBV pellets after release experiment 
 Total porosity (%) Closed porosity (%) Open porosity (%) 
20% loading, 0-106 μm 
crystal size 
8.1 5.7 2.5 
20% loading, 106-250 
μm crystal size 
16.1 2.6 13.9 
20% loading, >250 μm 
crystal size 
12.7 1.6 11.3 
40% loading, 0-106 μm 
crystal size 
32.7 0.1 32.6 
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40% loading, 106-250 
μm crystal size 
34.9 0.7 34.5 
40% loading, >250 μm 
crystal size 
32.9 0.6 32.6 
60% loading, 0-106 μm 
crystal size 
25.8 0.6 25.3 
60% loading, 106-250 
μm crystal size 
52.4 0.1 52.4 
60% loading, >250 μm 
crystal size 
56.7 0.1 56.7 
80% loading, 0-106 μm 
crystal size 
74.9 0.0 74.9 
 
The porosity seen in the cross-sectional images and 3D analysis results for the pellets 
before release confirms that there were some pores and voids formed in PHBV matrix 
originally before the release experiment (Figure 3-1 and Table 3-1). 
The µ-CT analysis results show that the open porosity, a measure of the pore space that is 
connected to the outside of the pellet, all increased over the controlled release experiment. For 
pellets with a loading of 20% (w/w), the open porosity increased by 1.1%, 12.8% and 10.9% 
for 0-106 μm, 106-250 μm and >250 μm DCD particle sizes, respectively. For pellets with 
40% DCD loading, the open porosity rose by 31.4%, 32.0% and 31.6% for 0-106 μm, 106-
250 μm and >250 μm DCD particle sizes, respectively. At a loading of 60% DCD, the open 
porosity rose by 24.6%, 51.4 and 56.3% for 0-106 μm, 106-250 μm and >250 μm DCD 
particle sizes, respectively. For pellets loaded with 80% (w/w) DCD loading and 0-106 μm 
DCD particle size, the open porosity increased by 69.7% (Table 3-1 and Table 3-2). 
Higher DCD loadings resulted in a higher percentage of voids connected to the outside. 
When increasing DCD loading from 20% (w/w) to 60% (w/w), the open porosity of DCD-
PHBV pellets with 106-250 μm DCD particle size rose from 13.9% to 52.4%. When 
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increased DCD loading from 20% (w/w) to 60% (w/w), the open porosity of DCD-PHBV 
pellets with >250 μm DCD particle size rose from 11.3% to 51.7%. For the open porosity of 
DCD-PHBV pellets with 0-106 μm DCD particle size, the trend of change was roughly the 
same, but the open porosity of pellets loaded with 40% (w/w) DCD was 7.2% higher than that 
with 60% (w/w) DCD (Table 3-2). 
For DCD-PHBV pellets after the release, when increasing DCD particle size from 0-106 
μm to >250 μm, voids shown in the 2-D cross-sectional images became larger (Figure 3-2). 
3.1.2 Raman spectroscopy 
The Raman maps of DCD, PHBV and PCL in DCD-PHBV/PCL (1:1) pellet are 
displayed in Figure 3-3. The DCD crystals are seemingly randomly distributed within the 
pellets, and the size of the DCD crystals were relatively large compared to the PHBV and 
PCL phases. The PHBV and PCL look to be micro-phase separated, The phase separation of 
PHBV and PCL at micro scale observed in Raman maps indicates that PHBV and PCL are 
immiscible. 
 
a) 
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b) c) 
  
d) e) 
Figure 3-3 The optical image a) and Raman maps, b), c), d) and e) of a cross-sectioned DCD-
PHBV/PCL(1:1) pellet before water release transversal surface. Raman map of b) DCD, c) PHBV, d)  
PCL, and e) overlaid DCD (red), PHBV (green) and PCL (blue) map 
3.1.3 Differential scanning calorimetry (DSC) 
DSC data for pure PHBV, PCL and PHBV/PCL blends from unloaded pellets and DCD-
loaded pellets are summarized in Table 3-3. Figure 3-4 shows the DSC thermograms of the 
first heating and the first cooling calorimetric scans for all the DCD-loaded pellets, whereas 
Figure 3-5 displays the relationship between the crystallinity of each phase (PHBV and PCL) 
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and the relative polymer content in blends. 
Table 3-3 DSC Data of pure PHBV as well as PHBV, PCL and PHBHV/PCL blends from DCD-loaded 
pellets 
Sample First heating cycle First cooling cycle 
Tm
PHBV 
(℃) 
ΔHm
PHBV 
(J/g) 
Tm
PCL 
(℃) 
ΔHm
PCL 
(J/g) 
Tmc
PHBV 
(℃) 
Tmc
PCL 
(℃) 
PHBV 177.14 87.74 - - 82.06 - 
PHBV/PCL 
(3:1) 
178.49 70.13 61.61 17.03 86.29 10.93 
PHBV/PCL 
(1:1) 
177.13 45.84 63.62 40.91 95.13 29.27 
PHBV/PCL 
(1:3) 
178.76 31.03 63.64 60.80 99.17 29.57 
PCL - - 66.58 89.64 - 31.75 
DCD-
PHBV/PCL 
(3:1) 
175.98 49.67 59.97 11.36 90.89 32.35 
DCD-
PHBV/PCL 
(1:1) 
177.87 37.11 60.48 25.12 87.44 33.39 
DCD-
PHBV/PCL 
(1:3) 
174.95 21.45 60.55 39.33 80.16 33.24 
DCD-PCL - - 61.07 58.88 - 33.92 
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a) b) 
Figure 3-4 DSC first a) heating scans for DCD-PHBV, DCD-PHBV/PCL (3:1), DCD-PHBV/PCL (1:1), 
DCD-PHBV/PCL (1:3) and DCD-PCL pellets operated at the heating rate of 10°C/min in the range of 
25°C to 185°C and b) cooling scan cycles for DCD-PHBV, DCD-PHBV/PCL (3:1), DCD-PHBV/PCL 
(1:1), DCD-PHBV/PCL (1:3) and DCD-PCL pellets operated at the cooling rate of 10°C/min from 
185°C to -10°C 
 
  
a) b) 
Figure 3-5 Crystallinity of PHBV and PCL as a function of relative PHBV or PCL content in the a) 
PHBV/PCL pellets and b) DCD-PHBV/PCL pellets 
 
In the absence of DCD, the addition of more PCL facilitated an increase of the 
crystallization temperature Tmc of PHBV from 82℃ to 99℃, while the addition of PHBV 
promoted the decrease of the crystallization temperature Tmc of PCL from 325℃ to 11℃. 
However, the melting temperature of PHBV and PCL remained roughly constant for the 
different PHBV/PCL compositions (Table 3-3). 
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The presence of DCD in the PHBV/PCL pellets resulted in a slight decrease of PHBV 
and PCL melting temperature, Tm. DCD reduced PHBV melting temperature within DCD-
PHBV/PCL (3:1), DCD-PHBV/PCL (1:1) and DCD-PHBV/PCL (1:3) pellets by 2.5℃, 0℃ 
and 3.8℃, respectively. Whereas the PCL Tm of DCD-PHBV/PCL (3:1), DCD-PHBV/PCL 
(1:1), DCD-PHBV/PCL (1:3) pellets and DCD-PCL pellets by 1.6℃, 3.1℃, 3.1℃ and 5.5℃, 
respectively (Table 3-3). 
In the first heating scan (Figure 3-4 a)), the peaks of DSC curves at higher temperature 
(above 170℃) are the melting peaks of PHBV, and the melting peaks for PCL are below 
70℃. For the first cooling scan (Figure 3-4 b)), the peaks above 80℃ show the crystallization 
of PHBV, and the peaks below 40℃show the crystallization of PCL. We can see from Figure 
3-4 a) that the first heating scan for the DCD-PHBV material displayed a double melting peak 
above 170℃, whereas that of DCD-PHBV/PCL materials only had a slight double melting 
peak for the PHBV. The double melting peak of DCD-PHBV pellet in the first heating cycle 
was due to the recrystallization phenomenon of PHBV[68]. The transformation from obvious 
double melting peak in DSC curve of DCD-PHBV pellet to inapparent double melting peak in 
DSC curve of DCD-PHBV/PCL pellet was a result of crystallization of PCL[55]. 
The crystallization rates of PHBV and PCL are determined by the width of the 
crystallization peak of the first cooling scan (Figure 3-4 b). For DCD-PHBV and DCD-
PHBV-PCL pellets, the crystallization rate of PHBV and PCL did not change much as content 
of PCL increased. 
In pellets without DCD, the crystallinity of PHBV decreased from 85% to 60% when 
increasing the PHBV to PCL ratio from 1:3 to pure PHBV, and the crystallinity of PCL 
decreased from 64% to 49% with the rise of PHBV to PCL ratio from pure PCL to 3:1 (Figure 
3-5 a)). The trend for pellets loaded with DCD was similar. PHBV crystallinity dropped from 
98% to 66% when increasing the PHBV to PCL ratio of the pellet from 1:3 to pure PHBV. 
PCL crystallinity dropped from 70% to 54% with the rise of PHBV to PCL ratio of the pellet 
from pure PCL to 3:1 (Figure 3-5 b)). 
The existence of DCD in PHBV/PCL pellets made the melting temperature of PHBV and 
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PCL reduce slightly. However, it increased the crystallinity degrees of both PHBV and PCL. 
These results indicated the affinity between DCD and polymers we studied. 
3.2 Release of DCD from DCD-PHBV, DCD-PHBV/PCL and DCD-PCL 
pellets 
The mass of DCD released in water, the mass remaining in the DCD-PHBV pellet and 
total initial mass of DCD in DCD-PHBV pellets is summarized in Figure 3-6. The summation 
of mass of DCD released in water and that remaining in the pellets was similar to the total 
expected mass of DCD. This indicates that the recovery of DCD was very high in this study 
and that release curves are accurate. 
Figure 3-6 shows that, as expected, the 80% (w/w) loading pellets had the least amount 
of DCD remaining in the pellets after 8 weeks in water. This was followed by 60% (w/w) and 
40% (w/w) loadings, and pellets with 20% (w/w) DCD loading had the largest amount of 
DCD left.   
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3.2.1 Effect of DCD loading and DCD crystal size on DCD release kinetic 
The release profiles of DCD from DCD-PHBV pellets at 23℃ (± 1°C) are displayed in 
Figure 3-7. Initially, the DCD release rates of all the pellets were relatively high. Between 1 
and 14 days, all curves plateaued gradually. 
For 0-106 μm DCD crystal size, pellets with 80% loading had the highest final release 
fraction of 96.7%, which was similar to that of the 60% loading. In contrast, 20% DCD 
loading had just 9.5% release. The 40% loading, released 86.0% of DCD after 8 weeks in 
water. A similar trend in the initial release rate, with the 80% DCD loading releasing 72.1% of 
the DCD within the first 5 hours. The 60% loading released 50.5% within this period, 
followed by the 40% and 20% loadings with just only 22.6% and 6.1% of the DCD mobilized 
from pellets, respectively. Within 2 days, the release rates of 20%, 60% and 80% loading 
pellets dropped very quickly, but pellets with 40% DCD loading still got a relatively high 
release rate after 4 days. The release curve of 20% DCD loading pellets plateaued quickly, 
after just 1 hour, following by 80% and 60% loading pellets, which had released the majority 
(>95%) of the initial DCD after 1 and 2 days, respectively. The release curve of 40% loading 
pellets did not flatten out until ~21 days (Figure 3-7 a)). 
For 106-250 μm DCD crystal size, since pellets of 80% (w/w) DCD loading were not 
studied in this experimental group, 60% loading pellets had the greatest fractional release, 
with 98.8% of DCD mobilized after eight weeks in water. In comparison, the final release 
fraction for pellets with 20% and 40% DCD loadings were just 33.8% and 83.3%, 
respectively. Pellets with 60% DCD loading had the highest initial release rate, delivering 
49.0% of DCD in the first 5 hours, with the rate falling dramatically thereafter and negligible 
release after 14 days. Pellets with 20% DCD loading followed a similar trend, but had the 
lowest initial release rate (21.8% release in 5 hours), compared to 22.6% for the 40% DCD 
loading. The rate of release dropped close to zero after 2 days and 21 days for 20% and 40% 
loadings, respectively (Figure 3-7 b)). 
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a) b) 
  
c) d) 
  
e) f) 
Figure 3-7 The release profiles of DCD from DCD-PHBV pellets in water at 23℃ (± 1°C)： a) DCD 
crystal size: 0-106 μm and 20%, 40%, 60%, 80% DCD loadings; b) DCD crystal size: 106-250 μm and 
20%, 40%, 60% DCD loadings; c) DCD crystal size: >250 μm and 20%, 40%, 60% DCD loadings; d) 
DCD loading: 20% and 0-106 μm, 106-250 μm, >250 μm DCD crystal sizes; e) DCD loading: 40% and 
0-106 μm, 106-250 μm, >250 μm DCD crystal sizes; f) DCD loading: 60% and 0 -106 μm, 106-250 
μm, >250 μm DCD crystal sizes 
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For >250 μm DCD crystal size, the 60% loading delivered 100.00% of DCD by the end 
of the experiment, while 20% and 40% DCD loadings released 57.1% and 98.0% of DCD, 
respectively. 60% DCD had the highest initial release rate, with 56.9% released in the first 5 
hours. In comparison, 40% and 20% DCD loadings released 53.3% and 39.1% of DCD within 
5 hours, respectively. The release rates of pellets with 60%, 40% and 20% DCD loading 
dropped to roughly zero after 2, 14 and 21 days, respectively (Figure 3-7 c)).  
Figure 3-7 a), b), c) also shows that the effect of loading is increases as the DCD crystal 
size decreases, especially for pellets with 40 and 60% DCD loading.  
Furthermore, the effect of DCD crystal size decreases with increasing loading (Figure 3-
7 d), e), f)). For pellets of 20% DCD loading, the final release fractions of pellets with 0-106 
μm, 106-250 μm and >250 μm DCD crystal sizes were significantly different with 9.5%, 
33.8% and 57.1% release, respectively (Figure 3-7 d)). For pellets of 40% DCD loading, 
pellets with 0-106 μm DCD crystal size actually exceeded that of pellets with 106-250 μm 
DCD crystal size after 7 days (Figure 3-7 e)). For pellets of 60% loading, the DCD release 
profiles for the three DCD crystal sizes were similar (Figure 3-7 f)).  
3.2.2 Effect of PHBV/PCL blending composition and temperature on DCD 
release kinetic 
DCD release profiles from DCD-PHBV, DCD-PHBV/PCL, and DCD-PCL pellets with 
40% DCD loading and 0-106 μm DCD crystals at 10℃, 23℃ and 40℃ are shown in Figure 
3-8. All materials released DCD rapidly in the first day. The release rates then decreased 
gradually. Many of the materials in this release experiment did not reach a plateau and their 
release processes were incomplete. 
At 10℃, DCD-PHBV pellets had the highest final release fraction, delivering 88.8% of 
DCD after eight weeks in water. The next highest release were from DCD-PCL and DCD-
PHBV/PCL (3:1) with 51.7% and 51.6% release, respectively. DCD-PHBV/PCL (1:1) and 
DCD-PHBV/PCL (1:3) pellets released the least, with 25.8% and 21.1% release, respectively. 
The initial release rate followed a similar trend, except for PCL. The trend followed DCD-
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PHBV, DCD-PHBV/PCL (3:1), DCD-PHBV/PCL (1:1), DCD-PCL then DCD-PHBV/PCL 
(1:3) with 18.1%, 11.3%, 6.6%, 5.4% and 4.9% release within the first five hours. In general, 
there was less final release fraction as well as initial release rate when the PCL content 
increased. However, DCD-PCL was a special case. Although the release rate of DCD-PCL 
pellets was lower than that of other pellets in the first hour, its release rate was greater that of 
all the PHBV/PCL blends after 7 days. Between 5 hours and 15 days, the release rate of DCD-
PCL pellets was similar to that of DCD-PHBV/PCL (3:1) pellets. After 15 days, release rate 
of DCD-PCL pellets was greater than DCD-PHBV/PCL (3:1) pellets and was similar with that 
of DCD-PHBV (Figure 3-8 a)). 
  
a) b) 
  
c) d) 
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e) f) 
  
g) h) 
Figure 3-8 The release profiles of DCD from DCD-PHBV, DCD-PHBV/PCL and DCD-PCL pellets in 
water at 10℃, 23℃ and 40℃： a) Temperature: 10℃, DCD with matrices of pure PHBV, PHBV/PCL 
(3:1), PHBV/PCL (1:1), PHBV/PCL (1:3) and pure PCL; b) Temperature: 23℃, DCD with matrices of 
pure PHBV, PHBV/PCL (3:1), PHBV/PCL (1:1), PHBV/PCL (1:3) and pure PCL; c) Temperature: 40℃, 
DCD with matrices of pure PHBV, PHBV/PCL (3:1), PHBV/PCL (1:1), PHBV/PCL (1:3) and pure PCL; 
d) DCD-PHBV pellets, at 10℃, 23℃ and 40℃; e) DCD-PHBV/PCL (3:1) pellets, at 10℃, 23℃ and 
40℃; f) DCD-PHBV/PCL (1:1) pellets, at 10℃, 23℃ and 40℃; g) DCD-PHBV/PCL (1:3) pellets, at 
10℃, 23℃ and 40℃; h) DCD-PCL pellets, at 10℃, 23℃ and 40℃ 
 
Similarly, at 23℃ DCD-PHBV pellets had the highest final release fraction, with 91.5% 
of the DCD mobilized at the end of the experiment. DCD-PCL pellets had the next highest, 
with 72.4% release. DCD-PHBV/PCL (3:1) pellets, DCD-PHBV/PCL (1:3) pellets and DCD-
PHBV/PCL (1:1) pellets released 56.8%, 35.7% and 33.7%, respectively. DCD-PHBV pellets 
had the highest initial release rate, delivering 22.9% of DCD in the first 5 hours. The rate 
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decreased from 5 hours and finally levelled out after 21 days. DCD-PHBV/PCL (3:1) pellets 
had an initial release rate of 12.8% of DCD in 5 hours. The rate then decreased and became 
constant after 14 days. The initial DCD release rates of DCD-PHBV/PCL (1:1) pellets and 
DCD-PHBV/PCL (1:3) pellets were the lowest, with DCD release fractions of 7.7% and 
6.4%, respectively after 5 hours. However, the DCD release rate of DCD-PHBV/PCL (1:3) 
pellets exceeded the release rate of the DCD-PHBV/PCL (1:1) pellets after 7 days, resulting 
in a greater final release fraction for DCD-PHBV/PCL (1:3) pellets compared to the DCD-
PHBV/PCL (1:1) pellets. Again, DCD-PCL material behaved differently, with a similar initial 
DCD release rate as the DCD-PHBV/PCL (1:3) pellets, delivering 7.8% of DCD in the first 5 
hours. Following this, the release rate of the DCD-PCL pellets exceeded than that of DCD-
PHBV/PCL (1:3) pellets, DCD-PHBV/PCL (1:1) pellets and DCD-PHBV/PCL (3:1) pellets 
after 30 minutes, 1 hour and 2 days, respectively (Figure 3-8 b)). 
At 40℃, DCD-PHBV pellets delivered 100.0% of DCD after 8 weeks, while DCD-PCL 
pellets, DCD-PHBV/PCL (3:1) pellets, DCD-PHBV/PCL (1:3) pellets and DCD-PHBV/PCL 
(1:1) pellets released 91.4%, 74.4%, 66.6%, and 57.1%, respectively. DCD-PHBV pellets had 
the highest initial release rate, with a large proportion, 34.8% of the DCD, released in the first 
5 hours. The release rate then decreased sharply, and dropped to zero after 7 days. DCD-
PHBV/PCL (3:1) pellets had the second highest initial release rate, with 18.4% mobilized in 5 
hours. The initial DCD release rates of the DCD-PHBV/PCL (1:1) and DCD-PHBV/PCL 
(1:3) pellets were lowest, with 15.2% and 12.5% of DCD release within the first 5 hours, 
respectively. At 5 hours, DCD-PHBV/PCL (1:3) pellets exceeded the release rate of DCD-
PHBV/PCL (1:1) pellets, resulting in the release curves crossing over after seven days. Again, 
DCD-PCL behaved quite differently to the other materials. Between 1 minute to 5 hours, the 
release rate of DCD-PCL pellets was approximated equal to that of the DCD-PHBV/PCL 
(1:1) pellets, which delivered 16.0% of DCD in the first 5 hours. After that, the DCD-PCL 
release rate exceeded DCD-PHBV/PCL (3:1), resulting in a greater DCD release fraction for 
DCD-PCL over DCD-PHBV/PCL (3:1) pellets from 10 hours onward (Figure 3-8 c)). 
It can be seen from the Figure 3-8 d), e), f), g) that the for all five materials, release 
The University of Queensland 
38 
 
kinetics increased with temperature. 
For DCD-PHBV pellets, the release curve at 40℃ and 23℃ plateaued after 7 days and 
28 days, respectively. However, at 10℃, the release curves of DCD-PHBV pellets still did not 
plateau within the 56 days’ experiment (Figure 3-8 d)). 
For DCD-PHBV/PCL (3:1) pellets, the release curves did not plateau within the 56 day 
experiment at any temperature, and their release rates were almost the same from 28 days to 
56 days (Figure 3-8 e)). DCD-PHBV/PCL (1:1) and DCD-PHBV/PCL (1:3) pellets were also 
still releasing DCD after 56 days. However, in contrast to DCD-PHBV/PCL (3:1) pellets, the 
release rate from these materials positively correlated with temperature throughout the 
experiment (Figure 3-8 e), f)). 
Likewise for DCD-PCL pellets, DCD release did not plateau within the 56 day 
experiment. However, at 40℃ the majority of the DCD released within the first 28 days, 
while pellets at 10℃ and 23℃ continued to release steadily over the last four weeks of the 
experiment (Figure 3-8 g)). As shown by the wide error bars (standard deviation) in (Figure 3-
8 g), the variability of release from DCD-PCL was much greater than the other materials. 
3.3 Mathematical modelling of DCD release profiles from DCD-PHBV 
pellets 
The mathematical models were fitted to the release profiles of DCD from DCD-PHBV 
pellets using the method of least squares. The best-fit values of release constants and their 
95% confidence interval for the three models are provided in Appendix Table 3-1, Appendix 
Table 3-2 and Appendix Table 3-3. The experimental data and model interpolated DCD 
release profiles as a function of time are displayed in Figure 3-9. Appendix Figure 3-1 shows 
the predicted values from the three models plotted against the actual release data for the three 
phases of release; surface wash (0< t<5 h), release of DCD through connected pathways (5 
h<t<21 d), and the slow diffusion controlled release (21 d<t<56 d). The residuals (actual value 
- predicted value) of models are shown in Appendix Figure 3-2. 
 
Chapter 3 Results 
39 
  
a) b) 
 
c) 
Figure 3-9 The experimental data and model interpolated release profile of DCD-PHBV pellets with 
20%, 40%, 60% and 80% DCD loading as well as model predicted release profile of DCD-PHBV pellets 
with 25%, 30%, 35%, 50% and 70% DCD loading as a function of time under 23℃ (± 1°C): DCD-
PHBV pellets with a) 0-106 μm; b) 106-250 μm and c) >250 μm DCD crystal sizes 
 
Appendix Figure 3-2 shows that residuals are relatively small. 
Figure 3-9 and Appendix Figure 3-1 show that the model predictions are similar to the 
release kinetic data. This is further supported by R squared values in Appendix Table 3-1 and 
Appendix Table 3-2, which are close to 1, indicating that the model calculated values and the 
actual values are similar. 
To predict the release profiles for DCD-PHBV pellets with 25%, 30%, 35%, 50% and 
70% DCD loadings, the release constants for each model equation were linearly interpolated 
between loadings for each DCD particle size independently. For example, the parameter A at 
25% loading and 0-106 um was estimated by:  
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𝐴25% 0−106 𝑢𝑚
= 𝐴20% 0−106 𝑢𝑚
+ (𝐴40% 0−106 𝑢𝑚 − 𝐴20% 0−106 𝑢𝑚)
×
(25 − 20)
(40 − 20)
 
(3-1) 
The predicted constants for the three models are shown in Table 3-4, and the predicted 
DCD release profiles are shown in Figure 3-9. 
Table 3-4 Predicted release constants in the model equations for other loadings using linear interpolation 
DCD 
crystal 
size 
0 - 106 μm 106 - 250 μm > 250 μm 
DCD 
loading 
(w/w) 
25% 30% 35% 50% 70% 25% 30% 35% 50% 25% 30% 35% 50% 
A 0.155 0.235 0.314 0.731 1.471 0.369 0.427 0.485 0.743 0.739 0.821 0.902 1.049 
B 0.191 0.246 0.300 0.416 0.543 0.245 0.265 0.285 0.360 0.347 0.361 0.376 0.410 
C 0.156 0.296 0.445 0.507 0.339 0.166 0.256 0.347 0.453 0.220 0.283 0.348 0.424 
D 0.295 0.297 0.300 1.198 3.206 0.507 0.473 0.438 0.911 1.009 0.957 0.904 1.475 
m 0.000253 0.000303 0.000354 0.000202 0 0.000897 0.000898 0.000899 0.000450 0.000101 0.000202 0.000303 0.000202 
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Chapter 4 Discussion 
4.1 DCD release kinetic 
For DCD released from PHBV, PHBV-PCL and PCL matrices, the release profiles are 
hypothesized to include three steps: 
(1) Washing out of DCD crystals on surface of pellets[59]; 
(2) Permeation of water through the channels, pores and voids created into the matrix as DCD 
dissolves[38,59]; 
(3) Diffusion of dissolved DCD through the polymer(s) and out of the pellets[59]. 
The fast initial release of DCD observed in Figure 3-7 and Figure 3-8 indicates that DCD 
crystals on the outside of the matrix were washed out easily at the beginning, leaving voids 
and pores at the surface.  
For PCL, the larger contact area between water and polymer would accelerate the 
hydrolysis of the polymer, forming channels that allowed the penetration of water deeper into 
the pellets. The initial pores in PHBV matrix and the connected channels formed from the 
release of DCD particles observed in µ-CT results both facilitated access for water and further 
dissolution of DCD crystals with the polymer matrices. The initial pores and voids in the 
PHBV matrix has been attributed to the intrinsic characteristics of PHBV[65]. This is 
potentially a result of the high crystallinity and hydrophobicity of this polymer.  
The presence of DCD remaining in some materials after the long-term release 
experiment (Figure 3-6) indicates that there are both readily accessible DCD crystals and 
DCD that is fully encapsulated in polymer and therefore very slowly accessed. 
4.1.1 Effect of DCD loading on DCD release kinetic 
By increasing the DCD loading from 20% to 60% (or 80%), the final DCD release 
fractions as well as the initial release rates were increased significantly.  
More DCD loading, more amount of DCD would be distributed on the surface of the 
formulation (Figure 3-2), and this part of DCD could be washed out by water easily, resulting 
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in a higher initial release rate. Supported by µ-CT results, for higher DCD loadings, higher 
percentage of voids were connected to the outside, which were pathways of least resistance 
for water ingress, DCD dissolution and DCD egress from the pellet. Therefore, formulation 
with higher DCD content can have more final release fraction. 
4.1.2 Effect of DCD crystal size on DCD release kinetic 
For 20% DCD loading, pellets with bigger DCD crystal size had higher release rate and 
larger final release fraction. However, when DCD loading increased, the release profile of 
pellets with different DCD crystal size became similar, especially for pellets with medium and 
small DCD crystals. 
The distribution of DCD with small particle size was very scattered in the low loading 
pellet, which led to the possible result that when a crack extended to the chamber where DCD 
crystal existed, only a small DCD grain could release. For pellets with larger DCD crystals, 
once a crack reached a crystal, the massive grain can dissolve and result in a much greater 
amount of DCD release compared to a small crystal potentially. This is revealed by µ-CT 
results. Therefore, at low loadings, larger DCD crystal size had a greater effect on release 
kinetics. 
However, at higher loadings, even the smallest DCD crystals were possibly adjacent to 
each other, which is also revealed by µ-CT results. This structure assisted the penetration of 
water into the pellet and accelerated the release, independent of DCD crystal size. 
4.1.3 Effect of PHBV and PCL blending on DCD release kinetic 
When decreasing the ratio of PHBV to PCL, DCD initial release rate and final release 
fraction were reduced, except for the DCD-PCL pellets. However, with the increase of 
temperature, release rate at the time period from 28 days to 56 days as well as the final release 
fraction of DCD-PHBV/PCL (1:3) pellets exceeded that of DCD-PHBV/PCL (1:1) pellets 
earlier and earlier. 
Pellets with a neat PCL matrix had a different release profile. Although the initial release 
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rate was the lowest, the DCD-PCL pellets maintained a high release rate at the time period 
from 28 days to 56 days compared to the other PHBV/PCL blends and pellets with neat 
PHBV. This resulted in the DCD-PCL having the third greatest final release fraction, after 
DCD-PHBV and DCD-PHBV/PCL (3:1) pellets. 
The lower initial release rates and final release fractions of DCD-PHBV/PCL (3:1) 
pellets, DCD-PHBV/PCL (1:1) pellets and DCD-PHBV/PCL (1:3) pellets compared to DCD-
PHBV pellets may be due to the smaller surface and internal porosity of pellets with 
PHBV/PCL blends than that with pure PHBV [55,65,69,70]. Generally speaking, more porous 
stuffs have high release rate of wrapped object[70], since pores can facilitate the water access 
and diffusion of active agent[69]. Another possible explanation is that molten PCL could fill 
the cracks and pores formed in PHBV when it crystallized. This is supported by the results of 
DSC and Raman maps that PHBV had a higher crystallization temperature than PCL and 
PHBV and PCL are immiscible, so PHBV would crystallize first and form the basic 
framework for the matrix. As materials were cooled further, then the molten PCL would fill in 
any voids or prevent their formation from occurring completely. In this situation, for water to 
reach DCD particles in the pellets, it needed to get through the barrier of PCL, resulting in a 
lower initial release rate and final release fraction of DCD-PHBV/PCL pellets compared to 
DCD-pure PHBV pellets. This also explains why DCD-PHBV/PCL (1:3) pellets had a higher 
release rate than DCD-PHBV/PCL (1:1) pellets during the time period from 28 days to 56 
days at 23°C and 40°C. Since the diffusion of water, and likely DCD, is faster in PCL than 
PHBV (PCL is a more hydrophilic material, which this will be explained in the later 
paragraph), the dominant mechanism driving release over this period was DCD diffusion 
through the PCL component. Since diffusivity increases with temperature (discussed in 
Section 4.4), the greater amount of PCL in the matrix resulted in a greater response to 
temperature. 
This theory also explains why DCD-PCL pellets maintained a relatively high release rate 
over the duration of the experiment. Since PCL is more hydrophilic than PHBV and PHBV/ 
PCL blends[55], and less brittle (less likely to crack), diffusion through the polymer matrix 
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became the rate controlling mechanisms during the time period from 28 days to 56 days. 
PHBV is more hydrophobic since there are side groups existing along the polymer backbone, 
hindering hydrogen bonding between water and the ester linkers[55]. The hydrophilicity of 
PHBV/PCL blends is similar to that of PHBV because of the configuration direction of 
polymer chains in PHBV/PCL matrices[55]. 
4.1.4 Effect of temperature on DCD release kinetic 
When the temperature increases, the initial DCD release rates as well as the final release 
fractions of all the pellets increased significantly. 
For pellets that are non-swelling, the domain release mechanism of encapsulated 
substances is diffusion[71]. As shown in Eq.4-1[72], there is a positive correlation between 
diffusional flux and the diffusivity.  
 𝐽𝐴 = −𝐷𝐴𝐵𝛻𝑐𝐴 = 𝜌𝑀𝐷𝐴𝐵𝛻𝑥𝐴 (4-1) 
where JA = molar flux of component A, kmol / (m2 · s); 
DAB = volumetric diffusivity, m2 / s; 
cA = concentration, kmol / m3; 
     ρM = molar density of the mixture, kmol / m3; 
     xA = mol fraction of A in the liquid phase. 
A widely used equation for calculating the diffusivity in solids under different 
temperature condition is the Arrhenius Equation:  
 𝐷 = 𝐷0 × exp (−
𝐸𝐴
𝑅𝑇
) (4-2) 
where D = diffusivity, cm2 / s; 
D0 = maximum diffusivity, cm2 / s; 
EA = diffusion activation energy, J/mol; 
R = universal gas constant, 8.314 J/(mol·K); 
T = absolute temperature, K; 
Eq.4-2 indicates that the diffusivity of DCD is propotional to the temperature. Therefore, 
by combining the two equation above, we can know that the DCD diffusion rate (release rate) 
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is positively associated with ambient temperature: higher ambient temperature, higher release 
rate at the later stage and final release fraction; lower temperature, lower release rate at the 
later stage and final release fraction. 
4.1.5 Other factors that influenced DCD release kinetic in this experiment 
There was a much greater variance for release fractions from DCD-PCL pellets in the 
same experiment group compared to DCD-PHBV pellets and DCD-PHBV / PCL pellets, 
which is indicated by the large error bars (standard deviation) on the release curves. This 
variability in release fraction may be caused by the irregular shape of the DCD-PCL pellets, 
as seen in Figure 2-2. 
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Chapter 5 Conclusion 
In this research, DCD was successfully encapsulated in biodegradable polyester matrices 
through industrially relevant extrusion processing. 
Higher DCD loadings increased the connected paths of DCD crystals and pores to the 
outside of the pellet. Pellets with larger DCD particles allowed water to access and dissolve a 
greater proportion of the DCD. 
Micro-phase separation of PHBV and PCL was observed in the Raman maps, indicating 
the immiscibility of PHBV and PCL and the connected PCL channels within the pellet. 
The composition of PHBV and PCL in pellets had an impact on PHBV and PCL 
crystallization. What is more, the presence of DCD in pellets resulted in a small decrease of 
PHBV and PCL melting temperature, indicating the affinity between DCD and polymers we 
studied. 
The release profiles of DCD can be tailored by changes in the DCD loading, DCD 
crystal size, or compositions of PHBV/PCL blends for different climatic conditions (e.g. 
temperature). The hypothesized DCD release mechanism includes three steps: surface wash, 
ingress of water via the channels and pores, DCD dissolution and diffusion. 
The release profiles of DCD from DCD-PHBV pellets under room temperature (23℃) 
were modelling using power law for the initial surface wash (0-5 h), modified first order 
model for release via connected pathways (5 h-21 d) and a linear regression for the slow 
diffusion controlled release (21 d-56 d). Also, in this work, the release profile of DCD from 
DCD-PHBV pellets with other DCD loading under room temperature were predicted using 
these three models. 
These results provide an experimental foundation for the application of DCD-loaded 
PHBV/PCL pellets as a practicable delivery system for the controlled release of DCD. 
Effective tailoring of release could extend the periodic of effective nitrification inhibition, 
reducing nitrogen losses, particular in tropical and sub-tropical regions. 
For our future prospect, we will design specific studies to further investigate the role of 
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cracks on the release of DCD from PHBV and PHBV/PCL matrices. Also, we will carried out 
pot trials as well as field study to test the behavior of PHBV/PCL matrices in real soil 
environment. 
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Appendix  
Appendix Table 3-1 Curve fitting results of power law model using the method of least squares 
DCD 
crystal size 
0 - 106 μm 106 - 250 μm > 250 μm 
DCD 
loading 
(w/w) 
20% 40% 60% 80% 20% 40% 60% 20% 40% 60% 
A 0.076 0.394 1.069 1.873 0.311 0.544 0.942 0.658 0.984 1.115 
95% 
Confidence 
interval 
0.073 
to 
0.088 
0.379 
to 
0.412 
1.031 
to 
1.130 
1.530 
to 
2.172 
0.281 
to 
0.387 
0.515 
to 
0.616 
0.902 
to 
1.029 
0.610 
to 
0.778 
0.878 
to 
1.173 
1.026 
to 
1.285 
B 0.137 0.355 0.478 0.609 0.226 0.304 0.416 0.332 0.390 0.429 
95% 
Confidence 
interval 
0.110 
to 
0.166 
0.338 
to 
0.371 
0.458 
to 
0.498 
0.529 
to 
0.695 
0.174 
to 
0.285 
0.271 
to 
0.339 
0.389 
to 
0.445 
0.287 
to 
0.381 
0.334 
to 
0.452 
0.383 
to 
0.479 
R squared 0.971 0.998 0.998 0.978 0.941 0.986 0.995 0.976 0.973 0.985 
 
Appendix Table 3-2 Curve fitting results of modified first order model using the method of least squares 
DCD 
crystal size 
0 - 106 μm 106 - 250 μm > 250 μm 
DCD 
loading 
(w/w) 
20% 40% 60% 80% 20% 40% 60% 20% 40% 60% 
C 0.025 0.600 0.445 0.261 0.080 0.440 0.483 0.159 0.415 0.435 
95% 
Confidence 
interval 
0.023 
to 
0.027 
0.578 
to 
0.623 
0.437 
to 
0.454 
0.252 
to 
0.271 
0.068 
to 
0.093 
0.419 
to 
0.462 
0.475 
to 
0.492 
0.142 
to 
0.179 
0.378 
to 
0.453 
0.424 
to 
0.447 
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D 0.292 0.303 2.093 4.318 0.542 0.404 1.417 1.062 0.852 2.099 
95% 
Confidence 
interval 
0.221 
to 
0.393 
0.267 
to 
0.343 
1.896 
to 
2.315 
3.406 
to 
5.521 
0.288 
to 
1.102 
0.339 
to 
0.484 
1.301 
to 
1.546 
0.587 
to 
2.057 
0.568 
to 
1.320 
1.827 
to 
2.424 
R squared 0.946 0.988 0.992 0.958 0.801 0.978 0.994 0.822 0.887 0.985 
 
Appendix Table 3-3 Curve fitting results of linear regression model 
DCD 
crystal 
size 
0 - 106 μm 106 - 250 μm > 250 μm 
DCD 
loading 
(w/w) 
20% 40% 60% 80% 20% 40% 60% 20% 40% 60% 
m 0.0002
03 
0.0004
04 0 0 
0.0008
97 
0.0008
99 0 0 
0.0004
04 0 
95% 
Confide
nce 
interval 
0.0001
67 to 
0.0002
4 
0.0002
95 to 
0.0005
13 
-
0.0003
28 to 
0.0006
57 
-
0.0005
71 to -
0.0003
51 
0.0005
75 to 
0.0012
2 
0.0004
07 to 
0.0013
9 
-
0.0005
14 to 
0.0009
94 
-
0.0005
03 to 
0.0008
19 
0.0000
68 to 
0.0007
39 
-
0.0001
4 to 
0.0002
24 
 
  
a) b) 
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c) d) 
  
e) f) 
  
g) h) 
  
i) j) 
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Appendix Figure 3-1 The relationship between predicted values from the three models and the actual 
release data for the three phases of release: DCD-PHBV pellets with 0-106 μm DCD crystal size at a) 
20%; b) 40%; c) 60% and d) 80% DCD loadings; 106-250 μm DCD crystal size at e) 20%; f) 40% and 
g) 60% DCD loadings; >250 μm DCD particle size at h) 20%; i) 40% and j) 60% DCD loadings 
 
  
a) b) 
  
c) d) 
  
e) f) 
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g) h) 
  
i) j) 
Appendix Figure 3-2 The residuals of model: DCD-PHBV pellets with 0-106 μm DCD crystal size at a) 
20%; b) 40%; c) 60% and d) 80% DCD loadings; 106-250 μm DCD crystal size at e) 20%; f) 40% and 
g) 60% DCD loadings; >250 μm DCD particle size at h) 20%; i) 40% and j) 60% DCD loadings 
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